Elbasiouny SM. Development of modified cable models to simulate accurate neuronal active behaviors. J Appl Physiol 117: 1243-1261 , 2014 . First published October 2, 2014 doi:10.1152/japplphysiol.00496.2014.-In large network and single three-dimensional (3-D) neuron simulations, high computing speed dictates using reduced cable models to simulate neuronal firing behaviors. However, these models are unwarranted under active conditions and lack accurate representation of dendritic active conductances that greatly shape neuronal firing. Here, realistic 3-D (R3D) models (which contain full anatomical details of dendrites) of spinal motoneurons were systematically compared with their reduced single unbranched cable (SUC, which reduces the dendrites to a single electrically equivalent cable) counterpart under passive and active conditions. The SUC models matched the R3D model's passive properties but failed to match key active properties, especially active behaviors originating from dendrites. For instance, persistent inward currents (PIC) hysteresis, frequency-current (FI) relationship secondary range slope, firing hysteresis, plateau potential partial deactivation, staircase currents, synaptic current transfer ratio, and regional FI relationships were not accurately reproduced by the SUC models. The dendritic morphology oversimplification and lack of dendritic active conductances spatial segregation in the SUC models caused significant underestimation of those behaviors. Next, SUC models were modified by adding key branching features in an attempt to restore their active behaviors. The addition of primary dendritic branching only partially restored some active behaviors, whereas the addition of secondary dendritic branching restored most behaviors. Importantly, the proposed modified models successfully replicated the active properties without sacrificing model simplicity, making them attractive candidates for running R3D single neuron and network simulations with accurate firing behaviors. The present results indicate that using reduced models to examine PIC behaviors in spinal motoneurons is unwarranted. computer simulations; active dendrites; motoneuron models REALISTIC THREE-DIMENSIONAL (R3D) computer models of neurons employ 3-D digital reconstructions of neurons that involve comprehensive morphological information on various cell structures. Because of the intricacy of a neuron's structure, these models are complex, consisting of hundreds, sometimes thousands, of compartments. This creates long run times (simulation time is proportional to the number of equations available at each compartment to be solved during each time step) and difficulty optimizing such large model parameter sets. Furthermore, reconstructions of real neurons are not always readily available. Because of these challenges, simplified models in which dendritic morphology is reduced to a single long equivalent cable containing 2 to 50 compartments on the basis of the 3/2 rule (9, 19) are still being used for studying electrical properties of neurons (17, 18, 29, 30, 38) . This reduction makes their parameters much easier to optimize and their simulation times much faster than R3D models. Importantly, this simplification of dendritic morphology is valid only under passive conditions (9, 19); however, it is not warranted in the presence of dendritic active conductances (25, 42) . Thus the goals of the present study are to 1) systematically assess the accuracy of reduced cable models in simulating neuronal active behaviors against their R3D counterparts and evaluate whether reduced models are appropriate for examining persistent inward current (PIC) behaviors, which originate from spinal motoneuron dendrites; 2) identify those behaviors not faithfully reproduced by reduced models and quantify the errors; and 3) develop modified reduced models that are capable of accurately reproducing a wide range of active behaviors while being morphologically much simpler than R3D models. Given their sheer anatomical size and electrotonic extent that challenge reduction methods, models of spinal motoneurons were employed in the present study to compare R3D and reduced cable models. To achieve these goals, the passive and active behaviors of R3D models were first compared with those of the conventional single unbranched cable (SUC) model. The hypothesis was that reduced models would not replicate all active behaviors of R3D models, especially those attributable to dendritic active conductances, due to the oversimplification of the dendritic morphology in reduced models. The simulations supported the hypothesis and showed that the SUC model reproduced passive behaviors equivalent to an R3D model, but active behaviors were not accurately reproduced. Adjusting the SUC model parameters did not correct most behaviors; however, when dendritic active conductances were relocated, only a few active behaviors were restored. It was then hypothesized that retaining some morphological detail might help in restoring some dendritic-based active behaviors and, therefore, two modified reduced models were developed: multiple unbranched cable (MUC) and multiple branched cable (MBC). These models retained key morphological information with varied levels of detail, yet were much simpler than R3D models. All models had the same parameters for somatic and dendritic active conductances. Importantly, the MUC model restored some active behaviors, and the MBC model restored almost all active behaviors, making them attractive candidates for running network simulations without sacrificing the accuracy of active behaviors. These results were confirmed in motoneuron models of different cell types [i.e., slow fatigue-resistant motoneuron type (S), fatigueresistant motoneuron type (FR), and fast fatigable motoneuron type (FF)].
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Glossary

MATERIALS AND METHODS
Model morphologies and membrane properties. All models and simulations were developed and run in NEURON simulation environment version 7.2 (23) . Two types of motoneuron models were initially simulated: an R3D model and an SUC reduced model. The R3D model was based on a 3-D reconstructed morphology of the intermediate type ␣-motoneuron [cell M43c5 (FR-type) described in Cullheim et al. (10) ] (Fig. 1A ). The R3D model of the M43c5 cell consisted of 2,993 isopotential dendrite compartments representing 11 root dendrites and 165 terminations, plus soma, axon hillock, and initial segment. The R3D model had input resistance (R in) of 1.4 M⍀ and its passive parameters were based on those described in Fleshman et al. (19) . Specific membrane resistance (R m) was set at 225 ⍀/cm 2 for the soma, axon hillock, and initial segment; and at 11,000 ⍀/cm 2 for the dendrites. The values of Rm for the soma, axon hillock, and initial segment accommodated leak current induced by electrode penetration into the soma. Specific membrane capacitance (C m) was set to 1 F/cm 2 , and specific axial resistance (Ra) was set to 70 ⍀/cm for all compartments (19) . The R3D model contained voltage-dependent ion channels previously identified and described experimentally in cat ␣-motoneurons, and their active properties were based on those described in Elbasiouny et al. (16) . The soma included conductances representing nonlinear fast sodium channels (Naf), delayed rectifier potassium channels (Kdr), calcium-activated potassium channels (SK), and N-type calcium channels (CaN, Ca v2.2 type). The axon hillock and initial segment included conductances representing delayed rectifier potassium channels, and fast and persistent sodium channels (see APPENDIX for full details).
The low voltage-activated L-type Ca 2ϩ channels (Cav1.3 type) were used in this study as an example of a voltage-gated ion channel on the motoneuron dendrites that generate a PIC. In the R3D model described by Elbasiouny et al. (16) the Ca v1.3 channels were placed strictly on dendrites with dendritic path distance between 300 and 850 m from the soma, which was comparable to a dendritic electrotonic distance of 0.3 Ϯ 0.12 , where is the space constant. In the present study, Ca v1.3 channels on the R3D model dendrites were placed strictly with a dendritic electrotonic distance of 0.35 Ϯ 0.1 from the soma, which was comparable to a dendritic path distance of 816 Ϯ 231 m. In this way, the dendritic Ca v1.3 channels were placed in the R3D and reduced models at exactly equal electrotonic distances from the soma because dendritic reduction in reduced models renders dendritic path distance incomparable between reduced and R3D models. The electrotonic distance-based distribution of Ca v1.3 channels showed very similar results to the path distance-based distribution of Cav1.3 channels in the study by Elbasiouny et al. (16) . The electrotonic distance of each dendritic compartment from the soma was computed from the natural log of the somatofugal (soma-todendrites) voltage attenuation, thus taking the contribution of somatic and dendritic active conductances into consideration in the electrotonic distance calculations. The parameters describing the densities and kinetics of all active channels are described in detail in Elbasiouny et al. (16) . The R3D model has been previously verified and compared against experimental data for cat motoneurons (15, 16) . Synaptic inputs were uniformly distributed per unit area over dendrites (43) . To ensure full coverage of synapses over model dendrites, one synapse was placed in the middle of each compartment; each synapse's conductance was proportional to the area of that compartment. Synapses were modeled as time-and voltage-dependent current sources (see APPENDIX).
The SUC model on the other hand was obtained by collapsing the dendrites of the R3D model into its single equivalent unbranched electrical cable (Fig. 1B) , formed of 54 isopotential compartments, the diameters of which change as a function of the dendritic distance from the soma (Fig. 1E) (9, 19) . The diameter of the SUC dendritic cable was obtained on the basis of the following relationship (9, 19, 39, 42) :
where i is the subscript of the dendritic compartment, n is the total number of dendritic compartments, d(x)cable is the diameter of the reduced cable at a given electrotonic distance x, and d(x)c is the diameter of the dendritic compartment at that electrotonic distance. Small increments of electrotonic distance of 0.05 were used (9, 19) . This reduction method was chosen because it preserves the total surface area and electrotonic coupling between soma and dendrites in the reduced model (6, 41) . The electrical parameters R m, Cm, and Ra were preserved in the SUC model as in the R3D model. It is important to note that the dendritic morphologies of the examined cells in the present study have been shown to be reasonably reduced by the 3/2 rule (19).
The SUC model had the exact same passive parameters and active channel properties (densities, kinetics, and spatial distribution) at the soma, initial segment, and axon hillock as the R3D model ( Table 1) . The Ca v1.3 channels were placed at the same electrotonic location on the dendrites (at 0.35 Ϯ 0.1 from the soma), and their conductances were adjusted (see Table 1 ) to generate Ca 2ϩ persistent inward current (Ca 2ϩ PIC) of equal amplitude to that measured in the R3D model during voltage-clamp ( Fig. 2A) . As in the R3D model, synapses were uniformly distributed per unit area over the dendrites and their conductances were adjusted so that the effective synaptic current (I N) reaching the soma, measured under a somatic voltage clamp of Ϫ70 mV, was equal to that of the R3D model. In that way, both the R3D and SUC models had equivalent electrical and morphological properties and synaptic input amplitudes, except for dendrite morphology.
Reduced models with dendritic branching. To examine the effect of dendritic branching in restoring neuronal active behaviors, reduced models were developed that incorporated primary and secondary dendritic branching. The MUC model was obtained by reducing each primary dendrite (i.e., stem dendrite) into its equivalent cable using Equation 1 (Fig. 7A ). The MBC model was obtained by maintaining the primary dendritic branching of the R3D model and reducing secondary dendrites into their equivalent cables using Equation 1 (Fig.  8A) . The dendrites of the MUC and MBC models were formed, respectively, of 482 and 816 isopotential compartments.
Frequency-current relationships. The frequency-current (FI) relationship was measured in four ways: 1) somatic injection of long current pulses (FI pulses); 2) somatic injection of increasing and decreasing current ramps (FIramp); 3) graded activation (increasing and decreasing command) of synaptic inputs when all dendritic synapses were activated [FIsynaptic (all inputs)]; and 4) graded activation of synaptic inputs when regional dendritic synapses (medial or lateral) were activated independently [FI synaptic (regional input)]. For long current pulses, 1-s pulses were injected at the soma; pulse amplitude was increased from 1 nA to 25 nA; then mean somatic steady-state firing rate was measured over the last 300 ms of the pulse and plotted vs. injected current (Fig. 3A) . For current ramp, current was injected at the soma, increased from 0 to 20 nA at 4 nA/s [an average slope of current injection protocols used in experimental recordings (12, 33) ], and then decreased at the same rate to Ϫ5 nA to stop self-sustained firing after current injection. The instantaneous somatic firing rate was measured during ramp current injection and plotted vs. the injected current (Fig. 3B) . To examine physiologically relevant inputs, graded synaptic signals were simulated. Synapses on model dendrites were uniformly distributed per unit area to resemble the distribution of synaptic contacts on spinal motoneuron dendrites (16, 43) . To grade synaptic activation, synaptic conductances were gradually increased and decreased in the R3D and reduced models so that IN reaching the soma increased from 0 to 20 nA at a rate of 4 nA/s, then decreased at the same rate to Ϫ5 nA to stop self-sustained firing. The instantaneous somatic firing rate was measured during graded synaptic activation and was plotted against I N (Fig. 3C) .
In simulations of regional synaptic inputs, selected synapses (medial or lateral) on the R3D were gradually activated as described above (I N increased from 0 to 20 nA at rate of 4 nA/s and decreased at the same rate to Ϫ5 nA), whereas remaining synapses were not activated (Fig. 3, D and E) . To simulate regional inputs in the SUC, MUC, and MBC models, synaptic conductances were activated on either the equivalent dendritic cable (SUC model) or each individual stem dendrite (MUC and MBC models) in similar proportions to the dendrites in the R3D model in that orientation. For instance, lateral inputs were simulated by activating all synaptic inputs in the SUC model at 58% of their conductance (because lateral dendrites form 58% of total dendritic membrane area in the R3D model). In the MUC and MBC models, lateral inputs were simulated by activating synaptic inputs on stem dendrite 1 at 73% of their conductance (because lateral dendrites form 73% of stem dendrite 1 membrane area in the R3D model; see Fig. 10A , top row). In FI relationships, firing hysteresis was assessed by measuring the largest difference between firing rates on the ascending and descending ramps (⌬fmaxin Fig. 3B) .
Transfer of synaptic current. Transfer of synaptic current was measured during voltage-clamp simulation with soma clamped at the resting membrane potential (Ϫ70 mV). The magnitude of synaptic input was linearly increased from 0 to 20 nA and back to 0. The transfer of synaptic current was measured as the ratio of the total synaptic current that successfully reached the soma (IN in Fig. 5B ) to the total synaptic current that was mediated through all synapses at their dendritic sites (Isyn in Fig. 5B ). Peak synaptic current transfer ratio was used to compare between the R3D model and the reduced models' synaptic current transfer traces measured at Ϫ70 mV (max in Fig. 5C ).
Voltage transfer analysis. The transfer of voltage between soma and dendrites was analyzed in two directions: somatofugal (soma-todendrites) and somatopetal (dendrites-to-soma). In the somatofugal analysis, a long current pulse was injected at the soma, and membrane potentials were measured at all points along a dendritic branch; membrane potentials were presented in ratio to the somatic membrane potential (Fig. 9A) . In the somatopetal analysis, current was injected at distal dendrites and membrane potentials were measured at all points along the dendritic branch to the soma; membrane potentials were presented in ratio to the dendritic membrane potential at the site of current injection (Fig. 9B) . The effects of somatic and dendritic active conductances were considered in the voltage transfer measurements, which were performed using the Impedance class tool in the NEURON simulation environment (23) .
Process of tuning model parameters. In an attempt to fit the SUC model active behaviors to those of the R3D model, the SUC model parameters were adjusted. To achieve that, an automated parameter search process was conducted (using NEURON's Multiple Run Fitter) to optimize the model parameters to fit the reduced model FIramp relationship to that of the R3D model. In that process, the Run Fitter varied the parameter of interest in small steps, injected a current ramp into the SUC model soma to generate the FI ramp relationship, and computed the error between the relationships in the reduced and R3D models. The protocol repeated this process iteratively until parameter values were obtained that minimized the error between the FI ramp relationships between the reduced and R3D models. The optimization algorithm used by NEURON's Multiple Run Fitter is the PRAXIS (principal axis) method described by Brent (4) . To confirm the results of the automated tuning process, an additional manual search process was also performed on the range of parameter values shown to produce the minimum error in the automated tuning process. The search process was used to explore the changes in four parameters: 1) the Ca v1.3 channel half-activation potential (Cav1.3); 2) the Cav1.3 channel conductance (GCav1.3); 3) the start location of the Cav1.3 channel band on the dendrites; and 4) the width of the Cav1.3 channel band on the dendrites (data not shown). These four parameters were varied because of their direct effects on the Ca 2ϩ PIC and its mediated behaviors, and were varied both independently ( Fig. 6A ) and in combinations (Fig. 6B ). The variations in channel parameters could be taken as average with respect to the single channel biophysics, which could vary from splice variants (35) . In the tuning process, the parameters were constrained within the physiological range of Ca v1.3 channel properties: 1) Cav1.3 (between Ϫ30 to Ϫ45 mV) (8, 47) ; 2) channel location on motoneurons (mid-dendrites between 0.2 and 1.2 ) (5, 16); and 3) GCav1.3 (values that generate physiological amplitudes of Cav1.3 current at the soma of cat motoneurons) (34) .
Sensitivity Analysis
To test the robustness of the simulation results, sensitivity analysis of critical model parameters was conducted. Given that the dendrite morphology is a key property for how well reduced models could replicate the active properties of R3D models, simulations were carried out on different motoneuron types with different morphologies and dendritic branching patterns. Therefore, simulations were repeated on one FF motoneuron (cell M38c2) and one S motoneuron (cell M36c4), and data were compared with those obtained from initial simulations on the intermediate FR motoneuron type (cell M43c5) (10) .
The R3D models of cells M38c2 and M36c4 had, respectively, 13 and 10 root dendrites ( (19) . All dendritic compartments of all R3D models had Cm and Ra set to 1 F/cm 2 and 70 ⍀/cm, respectively (19) . On the basis of these properties, the R3D models of cells M38c2 and M36c4 had 2,697 and 2,072 isopotential dendritic compartments, respectively (2,993 for cell M43c5); the SUC models had 90 and 119, respectively (54 for cell M43c5); the MUC models had 939 and 764, respectively (482 for cell M43c5); and the MBC models had 1,478 and 1,254 (816 for cell M43c5), respectively. As indicated, these three cells span the full experimental range of motoneuron electrical and morphological properties (10, 11, 19) .
For cells M38c2 and M36c4, the parameters describing the densities and kinetics of all active channels are similar to those for the M43c5 cell and are described in detail by Elbasiouny et al. (16) . The Ca v1.3 channels on the R3D and reduced models were placed at similar electrotonic distance from the soma as in the M43c5 cell. Synaptic inputs were distributed uniformly per unit area over dendrites (43) and had similar parameters to the models of the M43c5 cell. (10)]. For this cell, two models were simulated and their behaviors were systematically compared: an anatomically detailed model (R3D model, Fig. 1A ) of a cat ␣-motoneuron and its reduced counterpart formed of an SUC model (Fig. 1B) . Both models had the same parameters and spatial distribution for somatic and dendritic active conductances and synaptic inputs ( Table  1 ). The SUC model was obtained by collapsing the dendrites of the R3D model into its equivalent electric cable (9, 19) . With this reduced structure, the number of dendritic isopotential compartments in the SUC model was only 2% of those in the R3D model. The equivalent electric cable has the same total dendritic area of the R3D model and preserves the electrotonic coupling between the soma and dendrites, but it rearranges the sections of the dendritic membrane on the basis of their somatofugal electrical, not physical, distance from the soma (see Fig. 1 , C-E for membrane and diameter distributions). Accordingly, electrotonic distance is used to compare channel locations in the R3D and SUC models.
RESULTS
R3D and reduced models have comparable passive properties and somatic active behaviors. Simulations were carried out on the intermediate FR motoneuron type [cell M43c5 in
Basic passive properties in the R3D and SUC models were measured. Both models had comparable R in and time constant (data not shown). This demonstrated that the SUC model faithfully replicates the R3D model's passive properties and confirmed the validity of the dendritic reduction method under passive conditions. The somatic behaviors of the SUC and R3D models, such as the height and width of somatic action potentials and afterhyperpolarization amplitude and duration, were also similar (data not shown). This correspondence is due to the similarity in soma size and ion channel densities between the SUC and R3D models.
The Ca 2ϩ PIC was also measured using a ramp voltageclamp protocol in the R3D and SUC models to assess their activation and deactivation dynamics as observed from the soma (Fig. 2 ). In the current-voltage (IV) relationship of the R3D model, the Ca 2ϩ PIC exhibited hysteresis in its activation and deactivation currents (⌬I) and voltages (⌬V) due to the remote dendritic location of its channels from the soma and the spatial segregation of its channels over the dendrites ( Fig. 2A , black trace; Table 1 ). The SUC model on the other hand showed a higher Ca 2ϩ PIC activation threshold and much less hysteresis (ϳ50% lower ⌬I and ⌬V values, Table 2 ) in its IV relationship than in the R3D model ( Fig. 2A , gray trace; Table  1 ). This is because the lack of branching dendrites improved the voltage attenuation properties of the SUC model despite placement of the dendritic Ca v 1.3 channels at the same electrical distance in the R3D model, causing the dendritic membrane potential to better follow that at the soma (i.e., improved space clamp, as also indicated in Fig. 9, A and B) . It is important to mention that the Ca 2ϩ PIC amplitude was similar in both models because the conductances of dendritic Ca v 1.3 channels were adjusted in the R3D and SUC models to give similar peak Ca 2ϩ PIC amplitudes (Table 1) . This excludes a decrease in Ca 2ϩ PIC amplitude from being responsible for the reduced hysteresis in the SUC model.
The SUC model does not reproduce the FI relationships of the R3D model. The FI relationship was measured using various methods in the R3D and SUC models (with an identical set of model parameters) to compare their firing behaviors, especially those attributed to the effect of dendritic conductances (Fig. 3) . In the FI pulses in which long somatic current pulses are injected, the R3D and SUC models exhibited similar linear increases in the firing rate in the primary range (the initial firing range in which dendritic Ca 2ϩ PIC is not fully activated and in which the slope of the FI pulses relationship is shallow) (Ͻ20 nA, Fig. 3A) . However, the SUC model underestimated the firing rate in the secondary firing range (in which dendritic Ca 2ϩ PIC is fully activated and the slope of the FI pulses relationship increases steeply; see dashed lines in Fig. 3A ), and the difference between the two models became notable at this point (Ͼ20 nA, Fig. 3A ). On average, the slope of the secondary firing range was less steep in the SUC model (67% , Table  2 ) than that in the R3D model. The models also showed firing hysteresis behavior as confirmed by the existence of two steady-state firing rates in response to long somatic current pulses of the same amplitude but separated with a stronger current pulse that activated the PIC (data not shown).
In the FI ramp in which ascending and descending somatic current ramps are injected, the R3D model (Fig. 3B , black trace) exhibited firing hysteresis behavior in which the descending ramp, indicated by the downward arrow in Fig. 3B , evoked higher firing rates than those evoked on the ascending ramp for the same level of current injection. Conversely, the SUC model (Fig. 3B , gray trace) did not show firing hysteresis behavior, even when a higher current was injected; firing rates were similar on the ascending and descending ramps (ascending and descending traces are overlapped over most of the firing range in Fig. 3B ). The lack of firing hysteresis in the SUC model occurs despite the presence of the Ca v 1.3 channels at the same dendritic location and comparable PIC amplitude that produced firing hysteresis in the R3D model. This shows that a dendritic location of Ca v 1.3 channels is not the only prerequisite for the appearance of firing hysteresis, but dendrite morphology has an effect as well. The difference in FI ramp characteristics between the SUC and R3D models is due to the morphological differences of their dendrites because the R3D model has dendritic active conductances segregated over numerous dendritic branches, these conductances are electrotonically separated, and tend to activate at different temporal points. The remote location of the dendritic conductances from the soma and their spatial segregation allow them to stay activated even during the decline of the injected current at the soma, leading to firing rate hysteresis. On the other hand, because the dendritic conductances lack spatial segregation in the SUC model, its dendrites are electrotonically more compact (i.e., they have strong electrotonic coupling between soma and dendrites) and its FI ramp relationship does not exhibit firing hysteresis (because all dendrites are collectively deactivated during injected current decline, leading to an absence of firing hysteresis). *Unable to simulate. max, peak synaptic current transfer ratio; FIpulses, frequency-current relationship using current pulses; FIramp, frequency-current relationship using current ramp; Fsyn, regional, frequency-current (regional input); PIC, persistent inward current.
The innervation pattern of synaptic inputs to the motoneuron dendrites takes different forms (e.g., uniform, proximal, or regional distribution); therefore, the FI synaptic relationship was examined when all or regional synaptic inputs were activated in the R3D and SUC models. When all synaptic inputs were activated [designated as FI synaptic (all inputs)], the SUC model showed less hysteresis than the R3D model (Fig. 3C , gray traces perfectly overlap, whereas black traces do not; at 15 nA, ⌬F ϭ 2 imp/s and 0.2 imp/s in the R3D and SUC models, respectively). When medial or lateral synaptic inputs were activated independently [FI synaptic (medial or lateral inputs)], the SUC model could not reproduce the firing behavior of the R3D model (Fig. 3, D and E) . The FI synaptic (medial or lateral inputs) in the SUC model exhibited higher firing rates and had different shapes than those of the R3D model. It is interesting to note that in the R3D model, medial inputs caused hysteresis in the FI synaptic relationship, whereas lateral inputs did not evoke hysteresis (compare the black traces in Fig. 3, D and E) . This difference in firing behaviors from different regional inputs is due to the dissimilarity of the dendritic membrane distribution, Ca v 1.3 channel distribution, and number of synaptic contacts on the different dendritic regions around the soma in the R3D model. In other words, synaptic inputs on each dendrite activate different numbers of Ca v 1.3 channels depending on the dendritic membrane distribution and its regional orientation (i.e., medial vs. lateral; Fig. 10 shows more analysis on that). The FI synaptic for dorsal, ventral, rostral, and caudal synaptic inputs all had different shapes and firing hysteresis properties in the R3D model (data not shown). Thus the SUC model was not able to accurately reproduce the distinctly different firing behavior patterns evoked by differing regional synaptic inputs.
Additionally, our results show that the differences between the R3D and SUC models in FI relationships [FI ramp , FI synaptic (all inputs), and FI synaptic (regional inputs)] are due to the differences in IV relationships shown in Fig. 2A . Basically, the reduced hysteresis displayed in the IV relationship manifests itself as reduced firing hysteresis in the FI relationship of the SUC model.
The SUC model does not exhibit partial deactivation of plateau potentials or somatic staircase currents. The effect of the spatial segregation of dendritic Ca v 1.3 channels was examined on the behavior of the R3D and SUC models by testing each model's ability to exhibit partial deactivation of plateau potentials and appearance of staircase currents, which were observed experimentally in spinal motoneurons (7) . In a paired-pulse current-clamp protocol when firing was blocked [by setting the Na ϩ and K ϩ conductances to zero as described in (7)], the R3D model reproduced plateau potentials with three activation levels: 1) full deactivation, in which the hyperpolarizing pulse was strong enough to fully deactivate the plateau potential and suppress the membrane potential to a resting level (Fig. 4A, solid black trace) ; 2) partial deactivation, in which the hyperpolarizing pulse was able to partially deactivate the plateau potential and suppress the membrane potential to an intermediate level (Fig. 4A, gray trace) ; and 3) no deactivation, in which the hyperpolarizing pulse failed to deactivate the plateau potential and the membrane potential returned to its depolarized level (Fig. 4A, dotted trace) . The partial deactivation of plateau potentials resulted from the spatial segregation of dendritic Ca v 1.3 channels, which allowed the hyperpolarizing pulse to independently deactivate some channels leading to intermediate somatic potential. The SUC model lacks spatial segregation of dendritic Ca v 1.3 channels, and did not exhibit partial deactivation of plateau potentials (Fig. 4B , somatic potential ranged between full and no deactivation states).
In voltage-clamp at depolarized somatic potentials, the R3D model exhibited activation of somatic staircase currents (indicated by the open arrows in Fig. 4C ). These staircase current steps display the independent activation of Ca 2ϩ PICs from various dendritic locations of Ca v 1.3 channels placed at different electrical distances from the soma. Because the SUC model lacks the spatial segregation of dendritic Ca v 1.3 channels, the somatic currents in the reduced model did not exhibit staircase steps under voltage-clamp (Fig. 4D) . These data indicate that SUC models fail to simulate some key active behaviors of real motoneurons due to the lack of spatial segregation of active conductances on the dendrites.
The SUC model underestimates synaptic current transfer. The R3D and SUC models differ in their dendritic morphology; thus it was hypothesized that synaptic current transfer, which takes place over the dendrites, would differ between the two models. To test this hypothesis, synaptic current transfer was assessed in the two models when the soma was voltageclamped at the resting membrane potential and was compared with the unclamped condition. The activation of dendritic synapses was linearly increased and decreased, which resulted in increasing and decreasing somatic firing rate (Fig. 5A) . Under voltage-clamp, the total sum of synaptic current mediated through the synapses at their dendritic sites (I syn ) and the total sum of synaptic current that successfully reached the soma (I N ) were measured (Fig. 5B) , and synaptic current transfer ratio was computed as the ratio of I N to I syn over time during the voltage-clamp simulation (Fig. 5C ). In absence of activation of dendritic Ca v 1.3 channels, the synaptic current transfer ratio would be less than unity because I N is smaller than I syn due to the attenuation of synaptic current as it flows to the soma. However, the activation of dendritic Ca v 1.3 channels would enhance the synaptic current, thereby increasing synaptic current transfer ratio over unity.
In the R3D model, synaptic current transfer ratio was less than unity; it increased linearly in proportion to the magnitude of synaptic input up to a point, after which it increased abruptly and exceeded unity (Fig. 5C, black trace) . Synaptic current transfer ratio returned to its linear level only when the amplitude of synaptic input subsided. On the other hand, the synaptic current transfer ratio in the SUC model increased linearly throughout the entire range and was always less than unity, indicating that dendritic channels were not activated (Fig. 5C, gray trace) . These data indicate that dendrites of the R3D model have poor space clamp (similar to real motoneurons), which allowed dendritic channels to escape the somatic resting potential and become activated, whereas dendrites of the SUC model have better space clamp properties, which maintained linear synaptic current transfer ratio (space clamp properties are illustrated in Fig.  9, A and B) . The poor space clamp of dendrites in the R3D model results from dendritic branching, which is lacking in the SUC model. In summary, these data support the hypothesis that dendritic morphology has a strong effect on synaptic current transfer in the R3D and SUC models due to the difference in dendritic space clamp properties.
Modified Active Cable Models • Elbasiouny SM. Adjusting the SUC model parameters replicated only some active behaviors. In previous simulations, the behaviors of the SUC and R3D models were evaluated using identical parameters. However, in the present simulations, the SUC model parameters were adjusted in an attempt to restore motoneuron active behaviors such as the hysteresis in the FI ramp relationship, somatic staircase currents, and partial deactivation of plateau potentials. To achieve this goal, NEURON's Multiple Run Fitter was used to automatically search and adjust the SUC model parameters to minimize the error between the SUC and R3D model behaviors (see MATERIALS AND METHODS for detail). Four model parameters were varied independently and in when Cav1.3 was gradually hyperpolarized, firing hysteresis enhanced progressively in FI ramp before it abruptly increased outside the experimental range and the FI ramp shape never matched that of the R3D model (Fig. 6A , compare the black trace with the blue and red traces and note in the legend the small change in Cav1.3 that resulted in the abrupt hysteresis). Second, when G Cav1.3 was gradually increased, firing hysteresis in FI ramp enhanced to an extent but never matched that of the R3D model (Fig. 6A, orange trace) . Third, when Cav1.3 was hyperpolarized and G Cav1.3 was increased, this also failed to match the FI ramp hysteresis of the R3D model (data not shown). When the Ca v 1.3 channel band on the SUC model dendrites was shifted more distally and its width was varied, firing hysteresis in FI ramp was enhanced smoothly but with different shapes and characteristics from the R3D model (Fig. 6B, black  and green traces) . Furthermore, the SUC model generated various similar FI ramp relationships when G Cav1.3 and the width of the Ca v 1.3 band were varied (orange and green traces show SUC models with different Ca v 1.3 channel band widths and conductances in Fig. 6B ). Importantly, optimization of the SUC model using the Multiple Run Fitter could not successfully replicate the somatic staircase currents and partial deactivation of plateau potentials (data not shown). These data taken collectively indicate that under the conditions examined here, that 1) SUC models could simulate some (e.g., FI ramp ) but not all (e.g., somatic staircase currents and partial deactivation of plateau potentials) active behaviors of real motoneurons; and 2) SUC models can simulate active properties with numerous sets of model parameters as opposed to the R3D model, which reproduces the behaviors with a far more limited number of model parameter sets.
Primary dendritic branching restored some active behaviors, whereas secondary dendritic branching restored most active behaviors. Because tuning the SUC model parameters did not allow restoration of all active firing behaviors, retaining more dendritic morphology in reduced models was considered. Therefore, in the second set of simulations the following question was asked: What is the minimal level of morphological detail necessary for reduced models to accurately replicate active behaviors? To answer that, a reduced model with MUCs, each representing the reduction of one stem dendritic arborization to its equivalent electric cable according to the 3/2 rule (19), was developed (Fig. 7A) . Given that the R3D model had 11 stem dendrites, the MUC reduced model had 11 unbranched cables representing its dendrites. With this structure, the MUC model was still simple and only had 16% of the isopotential compartments in the R3D model ( Table 2 ). The Ca v 1.3 channels were placed on the dendrites at the same electrotonic distance from the soma as in the R3D model (at 0.35 Ϯ 0.1 from the soma) and their conductances were adjusted to produce Ca 2ϩ PIC with comparable amplitude to the R3D model (see Table 1 ). When measured in voltage-clamp, the Ca 2ϩ PIC exhibited comparable hysteresis to the R3D model (see Table  1 , data not illustrated). Importantly, the MUC reduced model was able to reproduce some but not all of the R3D model's active properties. For instance, the partial deactivation of plateau potentials (Fig. 7B ) and staircase somatic currents (Fig.  7C) were fully restored, whereas the slope of the secondary firing range in the FI pulses relationship (Fig. 7D) , the hysteresis in FI ramp relationship (Fig. 7E) , and synaptic current transfer ratio (Fig. 7F) were only partially restored in the MUC model. 5 . Synaptic current transfer in the R3D (black traces) and SUC (gray traces) models during graded synaptic activation when the somatic membrane was unclamped (A) or clamped at the resting potential (Ϫ70 mV, B and C). In A, soma firing in the R3D model is not displayed for clarity. The FIsynaptic relationships for the firing rates in A are shown in Fig. 3C for the R3D and SUC models. In B, IN indicates the effective synaptic current that reached the soma, whereas Isyn indicates the total sum of synaptic current mediated through dendritic synapses. In C, synaptic current transfer ratio was measured as the ratio of IN to Isyn.
Similarly, the FI synaptic relationship evoked by all synaptic inputs in the MUC model showed little hysteresis (ϳ50%) of that observed in the R3D model (Fig. 7G ). These data indicate that primary dendrites contribute ϳ50% of the dendritic channel segregation and have significant influence on the electrical coupling between the soma and dendrites. Notably the FI synaptic (all inputs) relationship was shifted rightward relative to the R3D model at recruitment and derecruitment, indicating that higher current is needed to evoke cell firing in the MUC model. For the FI synaptic (regional inputs) relationship, synapses were activated on individual stem dendrites with a proportion similar to that region in the R3D model (see MATERIALS AND METHODS). The FI synaptic (lateral inputs) relationship improved over that of the SUC model and qualitatively resembled that of the R3D model (Fig. 7I) , whereas the FI synaptic (medial inputs) relationship lacked the firing hysteresis observed in the R3D model and did not match its firing behavior (Fig. 7H) .
To further match the active behaviors of the R3D model, a reduced model that further incorporated the secondary dendritic branching (the MBC model) was developed (Fig. 8) . In the MBC model, the secondary dendrites were reduced to their equivalent cables while the primary dendrites (comprising 6.25% of the membrane surface area of the R3D model) were unreduced, having the same morphological representation as in the R3D model (Fig. 8A ). The MBC model contained 27% of the isopotential compartments in the R3D model (Table 2 ) and the conductances of Ca v 1.3 channels were adjusted to generate Ca 2ϩ PIC of equal amplitude to that of the R3D model (see Table 1 ). Similar to the MUC model, the MBC model reproduced the plateau potential partial deactivation (Fig. 8C ) and staircase somatic currents (Fig. 8D ) at more comparable holding current and voltage levels to the R3D model. Moreover, the MBC model fully reproduced the slope of the secondary firing range in the FI pulses relationship (data not shown, see Table 2 ), the hysteresis in FI ramp relationship (Fig. 8B) , and also faithfully reproduced the profile of synaptic current transfer as in the R3D model (Fig. 8E) . The FI synaptic (all inputs) relationship resembled that of the R3D model (similar shape and hysteresis level); however, it was still shifted rightward like the SUC and MUC models relative to the R3D model at recruitment and derecruitment (i.e., higher current is needed to evoke cell firing in the reduced models, the MBC model had smaller shift at recruitment than the other reduced models). The FI synaptic relationships evoked by medial and lateral inputs qualitatively resembled those of the R3D model, however, the firing rates in the MBC model were much higher (compare the black and red traces in Fig. 8, G and H) . In summary, the MBC model can only qualitatively simulate the FI synaptic (regional inputs) relationships.
Dendritic branching influences voltage transfer between the soma and dendrites. In the third set of simulations, the basis of electrical coupling between the soma and dendrites in the SUC, MUC, and MBC models was investigated and compared with the R3D model (Fig. 9) . First, the voltage transfer ratio between the soma and dendrites was studied in the somatofugal (soma-to-dendrites) and somatopetal (dendrites-to-soma) directions. In this analysis, membrane potentials were measured along the same stem dendrite (stem dendrite 6) in the R3D, SUC, MUC, and MBC models (along the dotted lines indicated on the cell morphologies in Fig. 9, C-F) . The membrane potentials were presented in ratio to the somatic potential (in the somatofugal analysis, Fig. 9A ) or to the distal dendritic potential (in the somatopetal analysis, Fig. 9B ) (see MATERIALS AND METHODS). In both directions, the voltage transfer ratio was the steepest in the R3D model, indicating large decay in voltage over dendritic distance and therefore weak electrical coupling between the soma and dendrites and poor space clamp properties. The SUC model, on the other hand, had the shallowest voltage transfer ratio in both directions, indicating much less decay in voltage over dendritic distance and therefore stronger electrical coupling between the soma and dendrites and improved space clamp properties (Fig. 9, A and B) . The MUC and MBC models represented intermediate stages of voltage decay over dendritic distance between the R3D and SUC models, with the MBC model closest to the R3D model. Importantly, the voltage transfer ratio between the R3D and SUC models was directionally dependent: moderate along the somatofugal but substantial along the somatopetal direction (compare the black and gray traces in Fig. 9, A and B) , in agreement with earlier work (46) . Primary dendritic branching had a substantial effect on the electrical coupling between the soma and dendrites, as indicated by the significant drop in V dendrites-to-soma traces from the SUC model to the MUC model (see the difference between the gray and blue traces in Fig. 9B ). In the MBC model, secondary branching split each dendrite into two V dendrites-to-soma traces, each being lower than that of the MUC model, thereby enhancing the spatial segregation of dendritic channels and reducing the electrotonic coupling be- tween the soma and dendrites to more closely resemble the R3D model. Second, the temporal changes in membrane potential of the soma and three stem dendrites (stem dendrites 1, 6, and 8, at dendritic sites located 0.5 from the soma within the Ca v 1.3 band) were compared (at the points indicated on the cell morphologies in Fig. 9, C-F) during somatic ramp voltage clamp. The use of a somatic voltage clamp decoupled the stem dendrites from one another and enabled studying their behaviors independently. In the R3D model, the voltage traces of the three stem dendrites were initially superimposed, then their membrane potential depolarized abruptly in the order of their input resistance upon the activation of the Ca v 1.3 channels (stem dendrites with higher input resistance depolarize first, see Fig. 9C ; the purple, pink, and green traces were sequentially depolarized). Because the R3D model has dendrites with very small diameter (thus having very high input resistance), they were activated at low membrane potentials (see the dashed line in Fig. 9C ), which accounts for the greater hyperpolarized PIC activation and deactivation potentials (V on and V off ) and larger hysteresis in the R3D model. In the SUC model, all the dendrites were lumped into one equivalent branch that depolarized at a high membrane potential (see the dashed line in Fig. 9D ) because of its large equivalent diameter (thus having small input resistance), which accounts for the small hysteresis in the SUC model.
In the MUC and MBC models, the small-diameter stem dendrites, which result from dendritic branching, were activated at low membrane potential (see the dashed line in Fig. 9 , E and F), leading to the large hysteresis observed in the MBC model. However, because the MBC model has smaller dendrites than the MUC model, the former exhibited an overall behavior that closely resembled that of the R3D model.
Reduced models overestimate the number of dendritic channels. In this section, the reasons for the inability of the reduced models to reproduce the firing behaviors evoked by regional synaptic inputs was further investigated. The differences in dendritic membrane distribution and Ca v 1.3 channel distribution in the medial and lateral regions, and how those differences contribute to FI synaptic (regional inputs) relationships in the R3D, SUC, MUC, and MBC models were examined. Figure 10A shows the distribution of dendritic membrane area and Ca v 1.3 channel in the medial and lateral regions on each stem dendrite in the R3D model. Note that synaptic inputs were distributed uniformly per unit area on the dendrites of the R3D and reduced models (indicated by the filled dots in Fig.  10 ). This analysis showed that stem dendrites varied substantially in their 3-D orientation, in which some projected exclusively medially (stem dendrites 5, 6, and 9), others projected exclusively laterally (stem dendrites 2 and 11), and the majority had mediolateral projections with varying directional bias (stem dendrites 1, 3, 4, 7, 8, and 10) . The dendritic Ca v 1.3 channels existed with varying area proportions on all stem dendrites and their mediolateral projections. This spatial map of the dendritic membrane area and Ca v 1.3 channel distributions indicated that synaptic inputs from each stem dendrite activate different proportions of Ca v 1.3 channels, thereby different Ca v 1.3 current magnitudes, depending on the dendrite's regional orientation (medial or lateral projection). For instance, medial synaptic inputs on stem dendrite 8 (note that this stem dendrite projects equally to the medial and lateral directions) would activate a larger total current mediated by Ca v 1.3 channels, whereas lateral inputs on the same stem dendrite would activate a smaller total current mediated by Ca v 1.3 channels (Ca v 1.3 channels cover ¾ of the area of medial projections and 1 ⁄3 of the area of lateral projections of stem dendrite 8).
In the SUC model, all stem dendrites were lumped together into one equivalent cable whose regional orientation is lost in the dendritic reduction process (i.e., no medial or lateral projections can be identified). Consequently, the SUC model can only simulate the FI synaptic (regional inputs) by linearly activating a fraction (proportional to the regional contacts) of its dendritic synapses. However, higher activation of Ca v 1.3 channels take place in the SUC model than in the R3D model; this higher activation of Ca v 1.3 channels evokes the higher firing rates in the FI synaptic of the SUC model. For instance, lateral synapses activate a larger proportion of Ca v 1.3 channels (which cover 68% of the equivalent dendritic cable area in the SUC model, Fig. 10B ) than in the R3D model (Ca v 1.3 channels cover 60% of the lateral dendritic membrane area in the R3D model). In other words, the absence of morphological detail eliminated directional sensitivity in the SUC model when responding to regional inputs, and caused synaptic inputs to activate a higher proportion of dendritic active conductances than those actually present on individual dendrites of the R3D model.
In the MUC and MBC models, the reinstatement of primary dendritic branching created equivalent cables for each stem dendrite. These equivalent cables allowed synaptic inputs to activate several dendritic cables in the MUC/MBC models (rather than activating one dendritic cable in the SUC model), each with a more comparable total current mediated by Ca v 1.3 channels to the individual dendrites in the R3D model (compare the Ca v 1.3 channel proportions on the individual dendrites of the R3D vs. the MBC models, Fig. 10, A and C) . This underlies the improved match in the FI synaptic (all inputs) between the MBC and R3D models. However, the lack of regional orientation of the dendritic equivalent cables (no medial or lateral projections can be identified for these equivalent cables past the primary branches) causes MBC regional synaptic inputs to still activate a higher total current mediated by Ca v 1.3 channels than in the R3D model, leading to higher firing rates and larger hysteresis range in the FI synaptic (regional inputs) [see an example of FI synaptic (lateral) in Fig. 8H] . In other words, the reinstatement of some basic morphological detail and directional sensitivity restored only some of the capacity of the MBC model to respond to regional inputs. In light of that, only R3D models with 3-D morphologies can accurately (both qualitatively and quantitatively) replicate the firing behaviors of regional synaptic inputs due to critical aspects of 3-D orientation and morphological detail to the total Ca v 1.3 current being activated.
In summary, the difference in dendrite branches (discussed in the previous section) and the higher Ca v 1.3 current activated by synaptic inputs in the reduced models explain the higher firing rates and shape mismatches of the FI synaptic relationships in all reduced models (for both regional or all inputs) compared with the R3D model. Sensitivity analysis. To confirm the simulation data and test the robustness of the simulation results, a sensitivity analysis of critical model parameters was conducted. Given that dendrite morphology is a key property for how well reduced models could replicate the active behaviors of R3D models, simulations were carried out on cells of different motoneuron types with different morphologies and dendritic branching patterns. Therefore, reduction of R3D models into SUC, MUC, and MBC models was repeated to compare the active properties of one FF type (cell M38c2) and one S type (cell M36c4) motoneuron and simulation data were compared with those obtained from initial simulations on the intermediate FR type (cell M43c5). These cells were chosen because their electrical and morphological properties and model parameters span the full range of experimental data measured from spinal motoneurons (see MATERIALS AND METHODS). The results of R3D and reduced models of the FF and S motoneurons were similar to those obtained from the FR motoneuron in which the SUC models did not reproduce the behaviors of the R3D models; MUC models were able to partially restore some but not all active behaviors, and MBC models were able to fully restore the majority of the behaviors of R3D models ( Table 3 ), indicating that conclusions of the present study are general and not specific to one motoneuron type.
DISCUSSION
This study addresses a major limitation of conventional reduced neuron models. Although they are widely used in network simulations for speed, they cannot reproduce key active behaviors that greatly shape neuronal firing. Results of the present and previous studies show that conventional reduced models do not reproduce a number of key active behaviors that R3D models can simulate (6, 22, 27, 36) . Despite such findings, these models have not been rectified to better simulate active behaviors originating from dendrites. Toward that goal, the present simulations in spinal motoneurons provide a quantified and mechanistic understanding of the limitations of reduced models and offer modified reduced models that more comparably simulate the active behaviors of R3D models while remaining much simpler and faster to run. Such models are attractive candidates for faster 3-D single-neuron and network simulations that require accurate active behaviors. Although the present study builds on a rich base of literature that compared the behaviors of full and reduced models, it 1) extends this analysis to behaviors not considered before (e.g., PIC hysteresis, firing hysteresis, synaptic current transfer, staircase currents, partial deactivation of plateau potentials, and regional FI relationships), 2) quantifies the error in each behavior in relation to the dendritic morphology, and 3) offers modified models that successfully balance both accuracy and speed. Spinal motoneurons are probably the best test case for examining proposed model reduction approaches for several reasons: 1) their anatomical complexity and electrotonic length rigorously challenge the process of dendrite reduction (pyramidal cells are good candidates as well); 2) there are plentiful experimental data on motoneurons, which are essential for constraining models and revealing where they fall short; and 3) active behaviors originating from motoneuron dendrites, such as PICs and plateau potentials, have received significant consideration in the last three decades and numerous research groups have become interested in simulating those behaviors using reduced models. The present simulations demonstrate that a number of neuronal active properties depend on cell morphology and its dendritic branching that could not be replicated in their absence.
Reduced models: strategies, strengths, and limitations. Several methods have been introduced to reduce the complex dendritic morphology of R3D models into a simple one with many fewer compartments [for review see (39, 42) ]. The generated reduced models conserved either the total surface area (9, 19) , axial resistance (6), or properties of functional regions (13, 44) of the R3D model while still matching the passive properties by scaling membrane electrical parameters (e.g., R m , C m , or R a ). The 3/2 rule was used here because it has been shown to be an appropriate approximation to the dendritic trees of the cells examined in the present study (19) . Regardless of the reduction method, the reduced dendrite had a single equivalent cable that lacked any branching information of the original dendrites, information that is critical for the generation of a number of neuronal active properties, as illustrated in the present simulations (Table 2 ). Other studies used simplified branched models to represent the dendrites [(22) and note the influential work by Traub et al. (45) ]; however, these models never replicated all behaviors of R3D models as well. The present study takes another approach in addressing this limitation of reduced models by incorporating some dendritic branching and shows the minimum dendritic branching that needs to be included in a reduced model to have reasonable simulation of the dendritic active behaviors.
A fundamental consideration in compartmental modeling is that the electrotonic length of individual isopotential compartments should be smaller than 0.1 (where is the space constant) to adequately represent the voltage gradient along the neurite (9, 19) . Among their analyses, Hendrickson et al. (22) developed branched models with fewer compartments (i.e., a coarse grain model) by merging multiple compartments into single ones, thereby violating the electrotonic length of compartments being Ͻ0.1 . Although these models are successful to an extent, they unsurprisingly failed to simulate R3D behaviors. The MBC models presented in this study had electrotonic length of compartments Ͻ0.1 . For the simulated cells in the present study, equivalent coarse grain models with a comparable number of isopotential compartments as in the MBC models would require the electrotonic length of its compartment to be 0.49, 0.36, and 0.35 (for M43c5, M38c2, and M36c4 cells, respectively), largely violating acceptable compartment electrotonic length for accurate simulations. Therefore, the proposed MBC models are superior to coarse grain models in that the electrotonic lengths of their compart- Fig. 7 . Simulations of the MUC (blue traces) model compared with both R3D (black traces) and SUC (gray traces) models. A: the model morphology illustrating the multiple unbranched equivalent cables of primary stem dendrites. Plateau potentials deactivation (B) and staircase currents (C) following the same protocol in Fig. 4 . The FI relationships obtained from somatic long pulse (D) and ramp (E) current injections following the same protocols in Fig. 3, A and B , respectively. Black arrow shows the ramp direction. F: synaptic current transfer following the same protocol in Fig. 5 . The FI relationships evoked by activating all (G), medial (H), and lateral (I) synaptic inputs following the same protocols in Fig. 3, C-E . The open arrows in C show the staircase currents, whereas the black arrows in E, G, H, and I show the direction of current ramp or graded synaptic activation.
Modified Active Cable Models • Elbasiouny SM. ments do not need to exceed 0.1 , thereby reasonably simulating R3D behaviors.
Conventional reduced models are valuable for studying active behaviors originating from somatic channels. As demonstrated in the present and previous studies, conventional reduced models with single cables accurately simulated somatic responses (6, 22) ; however, the reduction of dendrites into a single cable causes two problems in SUC models: 1) strong electrotonic coupling between the soma and dendrites, and 2) lack of spatial segregation of dendritic conductances. The former causes dendritic voltage to decay much more slowly with distance, whereas the latter causes dendrites to be activated as one entity, enhancing space-clamp properties in SUC model dendrites. These problems create two types of deficits in the SUC model: 1) underestimation of PIC hysteresis in the IV relationship, secondary firing range slope in the FI pulses relationship, hysteresis in the FI ramp and FI synaptic (all inputs) relationships, and synaptic current transfer; and 2) inability to simulate partial deactivation of plateau potentials, somatic staircase currents, and the FI synaptic (regional inputs) relationship.
Modifying SUC model parameters for the parameters examined in the current study restored only some behaviors (firing hysteresis), but this approach introduced redundant sets of model parameters (i.e., multiple potential solutions). R3D models simulate behaviors with a much smaller pool of potential solutions due to the presence of detailed morphological information that greatly constrains model parameters (24) . Earlier work showed that SUC models do not have a unique solution for matching empirical data on passive properties, whereas R3D models do (14, 24) , because the detailed morphology of R3D models contains enough empirical information to narrow down potential solutions.
Modified reduced models. The basic morphological information in the MUC and MBC models was restored to confine their solution spaces. Importantly, this successfully restored most active behaviors in the MUC and MBC models. For instance, in FI pulses relationships, the SUC model underestimated firing rate in the secondary range (slope was 67% of that in the R3D model) because of the lack of dendritic branching in the SUC model, which creates strong electrotonic coupling between soma and dendrites, thus inhibiting dendritic conductances from generating additional excitatory current to increase the secondary firing rate. The MUC model partially restored (ϳ50%) the slope of the secondary firing range, indicating that primary dendrites contribute ϳ50% of dendritic channel segregation and have significant influence on electrical coupling between soma and dendrites. Secondary branching in the MBC model fully reproduced the slope of the secondary firing range compared with the R3D model.
Also, the R3D model exhibited firing hysteresis behavior, whereas the SUC model did not, even at higher current input. The MUC model restored 50% of the error in FI ramp hysteresis and synaptic current transfer ratio with the addition of primary dendrites; the MBC model increased this to 90% with the addition of primary and secondary dendrites. Also, partial deactivation of plateau potentials and somatic staircase currents, lacking in the SUC model, were restored in both MUC and MBC models. Importantly, the membrane surface area contained in the primary dendrites is not substantial (only 6.25% in the simulated cell in Fig. 8) ; however, it is the dendritic branching that is critical for those behaviors. These data emphasize the importance of primary dendritic branching in determining current spread between soma and dendrites. Nevertheless, no reduced models could comparably simulate the FI synaptic (regional inputs) relationships to the R3D model. This limitation is to be expected in SUC models because reduction merges medial and lateral dendrites into a single cable with no regional orientation. However, MUC models with primary dendritic branching and MBC models with primary and secondary dendritic branching still overestimate firing rates of the FI synaptic (regional) relationships, indicating that additional dendritic detail beyond secondary dendrites is necessary to restore this behavior. Importantly, spinal motoneurons do receive selective innervation of regional inputs during movement. For instance, contralateral splenius motoneurons receive selective innervation of vestibulospinal excitatory inputs on medial dendrites to control right/left neck movement (20) . Thus it is plausible that spinal motoneurons might receive regional inputs during alternating movements (e.g., locomotion). The ability of reduced models to replicate regional synaptic inputs is important for studying these behaviors.
The finding that FI synaptic relationships in R3D models have different shapes and hysteresis properties on the basis of synaptic input regions is interesting. It has been shown that administration of monoamines (e.g., serotonin and norepinephrine) alters the shape of FI relationships, inducing firing hysteresis at high neuromodulatory states (26, 33) . The present simulations suggest that motoneurons in one neuromodulatory state could have different FI relationships on the basis of regional synaptic activation. This prediction warrants experimental verification.
Reduced models and dendritic-based active behaviors in health and disease. Two-compartment SUC models have been used to demonstrate the dendritic origin of active conductances that mediate plateau potentials in spinal motoneurons (2, 3) . Because of their extremely simple geometry, two-compartment SUC models have convincingly showed that active conductances need to exist on dendrites away from the soma to exhibit firing hysteresis. However, the present results show that SUC models (especially two-compartment models) cannot reproduce the activation dynamics of plateau potentials and their underlying PICs because they lack necessary dendritic branching. Recent work has focused on improving two-compartment models via adjusting their voltage transfer characteristics to mimic those of a single dendritic location on the R3D models (29, 31) , rendering them incapable of accurately simulating overall dendritic signaling. In light of the present results, the use of reduced models in studying active behaviors, especially those of dendritic origin, is unwarranted. The MUC and MBC models provide alternatives that are more accurate, yet much simpler and faster than R3D models. More importantly, the use of SUC models could misinform the study of diseased neurons in which dendrites experience morphological alterations such as spinal cord injury and amyotrophic lateral sclerosis (1, 32) . Because reduction would merge morphological disease changes (branch length/diameter, branching nodes number, etc.) into a single dendritic compartment with a different surface area, reduced models could not predict the consequences of individual morphological disease changes on neuronal properties and voltage transfer.
In conclusion, reduced models that lack dendritic branching provide fast and easy analysis under passive conditions in which the reduction method is valid. However, these models are limited in their ability to simulate active behaviors, especially those originating from dendrites. Reduced models that contain dendritic branching of primary and secondary dendrites provide a better compromise between speed and accuracy for both single-neuron and network simulations. These results would guide development of the next generation of reduced models of neurons.
APPENDIX
Models were implemented and simulations were carried out in the NEURON simulation environment (23), version 7.2. A variable integration time step was used with an error of 0.001%. Ionic currents at the soma, initial segments, and axon hillock in the R3D and reduced (SUC, MUC, and MBC) models follow the same equations, kinetics, and parameters described in Elbasiouny et al. (16) .
The ionic currents, I ion, of different channels can be described by the following general expression:
where gion is the varying conductance of the ion channel; gion is the maximum conductance of the ion channel listed in Table 1 ; m and h are the activation and inactivation state variables, respectively; and n and l are the order of activation and inactivation, respectively.
For each membrane state variable (), the time and voltage dependence is given by: Calcium dynamics. The intracellular Ca 2ϩ concentration (measured in mM) in the soma depends on the total compartmental Ca 2ϩ current, ICa, according to the following balance equation (3, 37) : 
